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Abstract—This article reviews the state of rapidly emerging 
terahertz hot-electron nanobolometers (nano-HEB), which are 
currently among of the most sensitive radiation power detectors 
at submillimeter wavelengths. With the achieved noise equivalent 
power close to 10-19 W/Hz1/2 and potentially capable of 
approaching NEP ~ 10-20 W/Hz1/2, nano-HEBs are very important 
for future space astrophysics platforms with ultralow 
submillimeter radiation background. The ability of these sensors 
to detect single low-energy photons opens interesting possibilities 
for quantum calorimetry in the mid-infrared and even in the far-
infrared parts of the electromagnetic spectrum. We discuss the 
competition in the field of ultrasensitive detectors, the physics 
and technology of nano-HEBs, recent experimental results, and 
perspectives for future development. 
 
Index Terms—Bolometers, infrared detectors, submillimeter 
wave devices, superconducting photodetectors. 
 
I. INTRODUCTION 
HE desire for higher sensitivity detectors has always 
persisted as astronomical instrumentation evolved and 
more demanding space applications arose. Detection of faint 
fluxes of photons is achieved via either registering the average 
radiation power absorbed in a detector or by counting the 
average number of photons per second arriving at a detector. 
The latter scenario is more common for high-energy 
astronomy (X-ray, gamma-ray) where photons arrive 
infrequently. However, as the telescopes and space 
instruments improve, very low radiation backgrounds set the 
sensitivity limit, so the interest in long-wavelength single-
photon detection grows.  
The far-infrared (far-IR) including the THz region is a very 
important spectral range containing about 98% of all the 
photons existing in the Universe [1]. Because of the high 
opacity of the Earth’s atmosphere, the accessibility of this 
range from the ground is limited and the role of space borne 
instruments is very important [2]. The current trend is to 
pursue moderate resolution spectroscopy (ν/Δν ~ 1000) of 
extragalactic lines using nearly zero-emission telescopes 
(cryogenically cooled primary mirror). This will demand 
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detectors with exceptionally low Noise Equivalent Power 
(NEP), in the range 10-19-10-20 W/Hz1/2 [3-9] which is 
significantly smaller than that of the detectors operating on the 
recent generation of far-IR space instruments (bolometers with 
semiconductor NTD-Ge thermometer [10] and Ge-doped 
photoconductors [11, 12]; their best NEP = 10-17-10−18 
W/Hz1/2).  
In this paper we overview the state of one of the most 
promising detector approaches for achieving the new 
sensitivity goals for THz astrophysics -- the superconducting 
hot-electron nanobolometer (nano-HEB) [13, 14]. Bolometers 
relying on the weak thermal coupling between the absorber 
and the heat sink have been highly successful in sensitive far-
IR instruments. They contributed to the accurate determination 
of the temperature of the Cosmic Microwave Background 
(CMB) [15] and to the detailed study of the anisotropy of the 
CMB [16]. The nano-HEB relies on the intrinsic weak 
coupling between the electrons and phonons in a metal 
absorber. The absorber is made from a superconducting 
material, which is biased so it is always partially resistive. 
Detected photons cause the temperature of the electrons to rise 
and the resistance to increase. This type of thermometer is 
often referred to as a Transition-Edge Sensor (TES) since it 
operates within the rather narrow temperature interval where 
the resistance of a superconducting sensor changes from zero 
to the normal metal value. In recent years, TES based 
bolometers played an important role as single-photon quantum 
calorimeters for X-ray spectroscopy [17] and for the secure 
quantum communication applications using near-IR single 
photons [18]. The nano-HEB extends the ability of bolometers 
to detect both small power and small amounts of energy 
potentially corresponding to single sub-THz photons. 
The paper is organized as follows. First we discuss the far-
IR backgrounds in space that eventually set the sensitivity 
requirements for an ideal detector (Sec. II). The physics and 
operational principles of the nano-HEB in the power detection 
and single-photon detection modes, and the model predictions 
are discussed in Section III. Section IV and V present the 
results on the power detection and single-photon detection 
correspondingly. In Section VI we describe other competing 
approaches to sensitive THz detectors. In Section VII we 
discuss possible ways for improvement of the nano-HEBs and 
Section VIII concludes the paper. 
II. BACKGROUNDS AND NEP REQUIREMENTS 
In contrast to the heterodyne sensors whose sensitivity is 
limited by zero-point energy [2, 19] the sensitivity of a direct 
detector is fundamentally limited only by the fluctuation of the 
energy in the radiation background seen by the detector. The 
lowest intensity thermal radiation backgrounds are found in 
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space. In the far-IR and mid-infrared (mid-IR) ranges, which 
are the focus of this paper, the backgrounds correspond to 
either the photon remnants of the Big Bang, the Cosmic 
Microwave Background (CMB) [20] or the interstellar dust 
emission, the Cosmic Infrared Background (CIB) [21-23]. The 
combination of these continua defines the irreducible noise 
associated with the fluctuation of the number of photons 
impinging an ideal detector with an optical bandwidth Δν.  
A detector’s Noise Equivalent Power (NEP) is a measure of 
sensitivity and is defined as the radiation power detected with 
a 1-Hz signal bandwidth with the signal-to-noise ratio (SNR) 
equal to unity. A general expression for the NEP of the 
background limited photodetector (BLIP) can be found in, for 
example, [24]: 
   NEPph
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2
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"2
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where   
! 
P"  is the spectral density of the radiation power 
incident on the detector, m is the number of polarizations, η is 
the detector quantum efficiency, and   
! 
U" = A#"
2 c2 is the 
beam throughput (A is the detector effective area, Ω is the 
solid angle within which the radiation is coming in). The 
second term of Eq. 1 is due to the bunching of photons when 
the number of photons per mode 
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large. In astronomy, where the backgrounds are low,   
! 
n"  is 
significant only at millimeter waves [25]. In the infrared and 
visible,   
! 
n" <<1 and the photon noise is given by 
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assuming that the optical bandwidth Δν = ν2-ν1 is narrow. 
Here Prad is the incident optical power, Nph is the photon 
arrival rate. 
If the radiation background closely resembles the black 
body radiation spectrum (like, e.g., CMB) and the detector 
couples to just one radiation mode then 
P! = h! exp h! kBT( )!1"# $% . For the typical conditions on 
recent space instruments for CMB studies where ν = 100-500 
GHz and Δν/ν ~ 0.3 [10], the  
! 
NEPph  is in the range 10
-18-10-17 
W/Hz1/2 for T = 2.7 K. In practice, even less sensitive 
detectors are sufficient compared to this idealized case since 
the non-zero emission of the relatively warm telescope mirror 
(TTel ~ 40 K) contributes noticeably to the photon noise.  
BLIP operation becomes more demanding when it comes to 
line spectroscopy with a moderate resolution 
ν/Δν ∼ 1000 corresponding to a typical width of Doppler-
broadened submillimeter lines  in extragalactic molecular 
clouds (see Fig. 1). Several infrared space missions (e.g., 
IRAS, ISO, Spitzer, Akari) featuring a cryogenically (≤ 6 K) 
cooled primary mirror for elimination of the thermal emission 
have been flown in past three decades. Several new far-IR 
mission concepts have been studied in recent years [5-9]. 
They all considered a far-IR moderate resolution spectrometer 
as one of the key instruments. A relatively near term 
realization of such a telescope will be the Japanese Space 
Infrared Telescope for Cosmology and Astrophysics (SPICA) 
with potentially two far-IR spectral instruments: an imaging 
Fourier Transform Spectrometer (FTS) called SAFARI [4] and 
a grating spectrometer BLISS [3]. 
Figure 1 illustrates the effect of the cold telescope on the 
radiation background seen by a single-mode detector pointed 
at some dark part of the sky with very low luminosity [22, 23]. 
The associated photon noise NEPph is very low (10-19-10-20 
W/Hz1/2) throughout the entire far-IR and mid-IR parts of the 
spectrum. A radiatively cooled telescope (TTel ~ 30 K) has 
NEPph that is several orders of magnitude higher above 1 THz 
than a telescope cooled to 5K. Interestingly, the low 
background condition affects the way a detector might (or 
should) operate given the very low arrival rate of the far-IR 
photons, Nph. This rate remains under ~ 1000 sec-1 from 1 THz 
to 30 THz. In this situation, an ideal detector should either 
have a time constant of the order of 100 ms or longer, or be 
able to detect individual THz photons with high fidelity. The 
situation is complicated by the fact that the background 
conditions vary across the sky so a detector capable of 
counting single photons under low optical loading may not be 
able to count the photons corresponding to a much more 
intense background if the detector maximum speed is 
insufficient. In this case some gradual transition to the power 
detection mode would be useful. The nano-HEB can operate 
in both photon-counting and power detection modes with high 
power and energy resolution, which makes it an interesting 
candidate for these future space THz applications. Both 
regimes of operation are discussed in the following sections. 
III. CONCEPT AND UNDERLYING PHYSICS OF HOT ELECTRON 
BOLOMETERS 
A. Brief history and outline of operation 
Hot-electron bolometers (HEB) have been known for quite 
a while, since the first work on the InSb hot-electron 
heterodyne detector [26-28]. After the hot-electron effect was 
realized in superconducting (metal) film bolometers [29-31] 
interest in the HEBs grew due to the promise of achieving a 
low-noise THz heterodyne mixer with a large intermediate 
Fig. 1. The NEP limited by the background (solid line) and by the telescope 
emission (5% emissivity, mirror temperature 5K, 10K, and 30K; dots) for an 
ideal single mode detector operating with a moderate resolution spectrometer 
(ν/Δν = 1000) and the rate of photon arrival Nph corresponding to the 
background (dashes). The latter is less than 1000 s-1 below λ = 300 µm. The 
contributions of various radiation continua are calculated from the data of [23]. 
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frequency (IF) bandwidth and low local oscillator (LO) power, 
unavailable with other detector technologies in early 90s [32]. 
Eventually, NbN HEB mixers became widespread and are 
now employed in many ground based, suborbital, and space 
instruments (see [19] in this issue for the review). 
A millimeter-wave Nb direct detector HEB has been 
demonstrated for the first time in [33] but did not receive 
serious attention because of the lack of applications. Later, the 
NbN HEB detector has been found useful for short laser pulse 
detection [34, 35]. The extremely short electron-phonon (e-ph) 
relaxation time τe-ph =10-20 ps found only in thin NbN 
superconducting films [36] makes this material stand out 
among other superconducting materials, even those with 
similarly high critical temperature (e.g., in NbC with TC ≈ 9 K, 
τe-ph ≈ 1 ns [37, 38]).  
In order to bypass the IF bandwidth limitation in widely 
used superconducting Nb, a nanobolometer version of the 
heterodyne detector was proposed in [39].  While Nb has a 
relatively long e-ph time, τe-ph  ≈ 1 ns, use of non-
superconducting contacts allows fast diffusion outward of 
thermal excitations (cooling) from the short bolometer (length 
l ≤ 1 µm) and thermal response times as short as 20 ps have 
been achieved for heterodyne mixers [40, 41]. Similar 
enhancement of the IF bandwidth was also observed in NbC 
HEBs [37]. This is known as a diffusion-cooled bolometer.  
The desire to achieve even faster detector response drove 
the interest in the HEB based on high-TC superconductors 
(YBCO). Indeed, a number of results demonstrating fast 
detection of visible [42, 43], near-IR [44, 45], mid-IR [46], 
and far-IR [47] radiation have been reported, though the 
sensitivity was poor. This drawback was explained by the 
large Kapitza resistance at the film-substrate interface [48] and 
the dominating phonon heat capacity Cp in the YBCO devices 
operating at 70-80 K which never allowed biasing the detector 
to enhance the response at the time intervals shorter than the 
phonon escape time τes ≈ 1 ns [49]. A typical value of Cp/Ce 
(Ce is the electron heat capacity) for YBCO was about 102 
whereas opposite ratio Ce >> Cp holds at low (< 4K) 
temperatures where the phonons are not a bottleneck for the 
releasing the energy from electrons to the substrate.  
Perhaps the first paper appreciating the potential of the HEB 
for untrasensitive detection was that by Nahum and Martinis 
[50]. They proposed using a long SNS junction (N = normal 
metal with no pair tunneling between S-contacts) as a 
bolometric radiation absorber coupled to an antenna. In the 
following work [51, 52], experimental studies of such normal 
metal HEBs have been carried out proving the feasibility of 
low thermal energy fluctuation (TEF, or phonon noise) 
NEPTEF ≈ 10-18 W/Hz1/2, which is of interest for astrophysics 
instruments for use in space. A change of the electron 
temperature Te is read via a change of the tunnel current in an 
attached NIS junction. Several approaches to the readout have 
been discussed as well as the possibility of blocking the 
electron diffusion by making the device coupling to the 
antenna through a capacitor [53]. 
The superconducting HEB appears to offer better 
performance than the SNS HEB with its normal–metal 
absorber.  The NIS tunnel junction readout of the normal-
metal absorber has high impedance.  Thus, it is hard to 
instrument with very low noise, and is difficult to form an 
array. The SQUID readout matches well to the 
superconducting HEB, and is compatible with producing a 
cryogenic multiplexed array.  Moreover the SQUID readout 
has very low noise itself and also provides negative electro-
thermal feedback (ETF), thus speeding up the thermal 
response [54]. 
Currently, the main interest for the direct detector HEB is in 
single-photon detection applications. In the visible and near-
IR ranges, a ~ 10 µm × 10 µm HEB device can simultaneously 
be a good absorber of radiation with λ ≤ 1.5 µm and still have 
a small enough size that the total energy fluctuation due to the 
detector noise δΕ << hc/λ. This has been realized in a HEB 
TES based on W [18, 55, 56], Ti [57, 58], and Ir [59], and 
with some S-N bilayer materials [60, 61] . Such detectors can 
be useful for statistical discrimination of the number of 
simultaneously absorbed photons, which is important for 
realization of some Quantum Key Distribution (QKD) 
protocols in schemes for secure quantum communication 
using single photons. Another application is single photon 
calorimetry for astrophysics where the small δΕ allows for 
resolving a multicolor spectrum of the incident flux of photons 
without using any dispersive optics in front of the detector 
[62]. A recent Workshop on Single Photon Counting Detectors 
posted a large number of presentations featuring these HEB 
applications [63]. 
B. Concept of the nano-HEB 
A review article [64] gives a good overview of the non-
equilibrium (including hot-electron) superconducting detectors 
and is still current in many aspects. We set here a narrower 
goal to overview only the smallest HEB detector (often 
submicron) implementations – nano-HEBs – where the 
ultrasmall Ce and Ge-ph may result in record small NEPTEF and 
δΕ. Most of the practically important results have appeared 
after paper [64] was published.  
Fig. 2. Top: A crossectional view of the nano-HEB detector. A low-TC TES 
device is fabricated on a solid dielectric substrate between superconducting 
contacts (S) preventing diffusion of the thermal energy. Far-IR radiation 
couples to the TES through a planar antenna or a waveguide. Bottom: The 
energy diagram showing the energy gap in the contacts that enables Andreev 
reflection. The energy gap in the TES is nearly zero since it operates in the 
resistive state. 
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The geometry of the TES nanobolometer is in Fig. 2. 
Superconducting HEBs have all the three critical functions of 
a bolometer – absorber, thermometer, and thermal conduction 
– integrated into a single element. The general nano-HEB 
device configuration is similar to what has been used in the 
SNS HEB [50] or in optical HEB [18, 55]. The role of 
superconducting contacts (S) is to create thermal barriers by 
means of Andreev reflection [65]. Compared to the SNS 
device, the nano-HEB uses a TES as a thermometer, that is, an 
additional NIS junction is not needed. Compared to the optical 
(large size) TES the nano-HEB pushes the fabrication limit 
and also enters the regime where the penetration of 
superconductivity from the contacts into the bolometer can 
affect the TES’s characteristics [66]. 
Since the HEB operates in the resistive state it has 
practically no superconducting gap and hot electrons are 
surrounded by an energy barrier of the contact Δcont. Only a 
tiny fraction of thermal electrons with energy exceeding Δcont  
 dn n! exp ! kBT( )+1"# $%
&1
d!
'cont
(
)  (3) 
can diffuse into the contacts and deposit energy there. The rest 
(ε < Δcont) experience Andreev reflection, that is the process 
when an electron-like quasiparticle (qp) at the N-S boundary 
recombines with a hole-like quasiparticle moving in the 
opposite direction, to form a Cooper pair [65]. The pair carries 
electrical charge into the contacts whereas the energy flux is 
equal to zero. 
The TES itself absorbs the radiation as a normal metal. 
Since the sensor’s size is much less than the wavelength and 
the plasma frequency in metals is in the ultraviolet range, the 
bolometer represents a lumped element resistor with the 
impedance equal to the TES’s normal resistance RN for the 
antenna circuit. The antenna away from the Nb contacts can be 
constructed of thick Nb, NbTiN, Al, or a non-superconductor 
such as Au. The low frequency leads for readout are connected 
to the antenna, not the Ti bridge, and are not shown in Fig. 2. 
The thermometer function employs the transition edge of 
the superconducting transition, the strongly temperature-
dependent R(T) curve. The change of resistance is used to 
detect a change in power (bolometer), or an increment of 
energy from absorption of a single photon (calorimeter).  The 
terms bolometer and calorimeter are often used 
interchangeably. The superconducting contacts (S) and the 
antenna are needed because the lateral size of the absorber 
(HEB) must be very small even for infrared radiation. This is a 
result of the nature of thermal isolation of electrons in the 
HEB, which occurs due to the weak internal coupling between 
the electron and phonon subsystems. The electrons relax their 
energy via emission of phonons during the period of time τe-ph, 
so an equivalent e-ph thermal conductance Ge-ph can be 
introduced as Ge-ph = Ce/τe-ph. The e-ph relaxation time sharply 
increases with decreasing of temperature and can be ~ ms at 
0.1 K.  
The electron motion, diffusion in such films, is roughly like 
that of the normal metal, as is the heat capacity, Ce. This is 
because there are few superconducting pairs very near TC and 
the energy gap is small or zero, so diffusion is not impeded. In 
this case, the thermal healing length is LT ≈ (Dτe-ph)1/2 ~ 300 
µm (D ≈ 1 cm2/sec is the electron diffusivity in thin metal 
films which are usually disordered). This distance is quite 
large and weak e-ph relaxation cannot dominate unless the 
electron diffusion out the ends of the bolometer is prevented. 
The small device volume V will decrease Ge-ph proportionately 
as Ce ~ V. As the e-ph thermal conductance is made small, the 
rms contribution of the fundamental noise mechanism – the 
thermal energy fluctuation – also becomes small: 
 NEPTEF = !kBTe2Ge!ph , (4) 
where ξ = 4 if Te = T, and ξ = 2 if Te >> T [67].  
The intrinsic detector sensitivity expected for energy is 
given by the rms energy resolution, δΕ. This limiting 
sensitivity of the detector itself is set by the TEF due to 
phonon exchange between the detector and bath, in units of 
energy ≈ kBT. δΕ  scales as  
 !E =" kBTe2Ce    (5)  
with the prefactor κ determined by the relative contribution of 
the Johnson noise and by the strength of the electrothermal 
feedback (ETF) [68]. The sensitivity of the TES improves as 
TC is reduced, but the time constant increases.  Here the effect 
of the SQUID readout is very helpful. The SQUID can be 
voltage biased in series with the TES thus providing a 
negative ETF. This negative ETF gives a faster response, and 
also provides improved energy resolution [69]. 
C. Device size constraints 
For single photon calorimetry and sensitive power detection 
in the far-IR and THz range, very small devices are needed, 
with volumes ≈ 10-2 µm3, compared to maybe ≥ 1 µm3 in the 
NIR. Thermalization processes must be carefully considered 
in designing the nanobolometer.  The TES dimensions and 
materials and the contact material must be carefully chosen to 
ensure that the deposited energy thermalizes fully, only in the 
volume of the superconductor, and that this happens rapidly 
compared to the energy loss into the substrate via phonons. 
The lower limit on device length is imposed by two effects. 
First, the length of the TES should be larger than the 
coherence length in the normal metal, LT = (hD/4π2kBT)1/2, 
otherwise the difference between the critical temperatures of 
the microbridge and the superconducting contacts will be 
washed out by the proximity effect. At T ≈ 100 mK and the 
electron diffusivity D ≈ 2 cm2/s (moderately impure film) this 
yields l >> 2LT = 100 nm. Second, if the length is too small, 
the hot quasiparticles generated by absorbed photons with 
energies greater than Δcont can escape from the TES before 
thermalization. The escape of the non-thermalized electrons 
would reduce the quantum efficiency of the detector at 
frequencies ν > Δcont/h and give variability of the response to 
monoenergetic photons. For Nb Δcont/h corresponds to 360 
GHz. One way of preventing deterioration of the spectral 
response at high frequencies is to make the length of the TES 
greater than the electron diffusion length at the contact energy 
gap le-e = [Dτe-e(Δcont)]1/2 (τe-e is the electron-electron inelastic 
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collision time). Taking τe-e(Δcont) ≈ 10-11 s [70] we estimate this 
length to be of ~ 90 nm. Thus, if l ~ 1 µm these difficulties can 
be safely avoided. Even though the devices as short as 0.5 µm 
have been achieved [71], optical measurements have been 
only performed in HEB detectors with l ≥ 1 µm [72-74]. The 
data have shown no signs of sensitivity degradation up to ~ 1 
THz [72]. 
Impure superconducting films can still demonstrate good 
superconducting properties if the thickness is ≥ 10 nm. In this 
case, the bridge width, w, is defined by the requirement that 
RN = 50-100 Ω to match the device with a planar antenna. For 
many materials this corresponds to a bridge area of roughly 
one square (ie: 1×1 µm2 for 0.1 K). The lateral size can be 
slightly reduced (by 1.5-2 times) if the detector works at 0.3 K 
(both LT and le-e ~ T -1/2). 
D. Thermal conductance 
Low thermal conductance Ge-ph is the key to achieving high 
sensitivity in nano-HEBs. Beside the small geometrical size, 
the device material plays an important role since it defines 
both the temperature dependence of Ge-ph and its prefactor 
which varies between different materials.  
Relatively thin films are required for the HEB. The reason 
is twofold: a. smaller volume helps to increase the sensitivity 
b. larger sheet resistance provides a better impedance match 
between the bolometer and the antenna or waveguide at THz 
frequencies. In general, thin (thickness d = 10-50 nm) 
superconducting films are fairly disordered. Even if the 
material itself is pure, collisions of electrons with boundaries 
increases the resistivity in very thin layers.  
The effect of the material on the temperature dependence of 
the thermal conductance Ge-ph comes through the e-ph time 
τe-ph, whereas Ce is not usually affected. Since Ce = γVT (γ is 
the Sommerfeld constant), the typical temperature dependence 
τe-ph(T) ~ T-n translates into Ge-ph(T) ~ Tn+1. Table I presents 
parameters of the available thin film superconducting 
materials whose TC is below 0.5 K. Note that S-N bi-layer 
materials commonly used as TES thermometers are not very 
suitable for the far-IR HEBs since they cannot be made thin. 
As a result, both Ge-ph and Ce are large, and RN is small and 
cannot be impedance matched to an antenna. 
A detailed study of the e-ph relaxation in Ti [75] yielded 
some interesting details for the temperature dependence of Ge–
ph and of its dependence on the substrate material (see Fig. 3). 
Ge-ph(T) exhibited n ≈ 3.5 for several Ti films deposited using 
different techniques. However, in the films grown on naturally 
oxidized Si n changes from 3.5 above 200 mK to n = 2 below 
200 mK. This behavior finds a theoretical explanation in the 
framework of the Pippard’s model which takes into account 
interference of the bulk e-ph scattering and elastic electron 
scattering on vibrating impurities, defects, and boundaries [79, 
80].  
In the classic Pippard model [81], effects of disorder on Ge-
ph(T) are described by a single parameter qTℓ, ( qT = kBT / !u  is 
the wavevector of a thermal phonon, u is the sound velocity, ℓ 
is the electron mean free path due to scattering from 
impurities). The e-ph interaction is nonlocal and the 
characteristic size of the interaction region is of the order of 
1/qT. In the diffusive limit, qTℓ << 1, a phonon interacts with 
an electron that diffuses over the interaction region. In this 
strong “dirty” limit the electron energy relaxation rate is 
mainly due to the interactions with transverse phonons [81, 
82] and it strongly decreases with the disorder: 
 1
! e!ph
= 9.1" 3"
4#t
10
pF!T 4
(pFut )3
 (6) 
where βt is the coupling constant, pF is the Fermi momentum, 
ut is the transverse sound velocity, and a coefficient 9.1 
describes the averaging over all electron states contributing to 
Ge-ph [38]. It turns out that in thin metallic films or nanowires, 
the transverse phonons also dominate in the opposite, quasi-
ballistic case, qTℓ >> 1, in a wide temperature range T ≤ 100 
K, where the e-ph relaxation rate increases with temperature 
as T2 [83].  For this reason, the dependences of the e-ph 
relaxation rate (close to T3) widely observed at low 
temperatures may have nothing to do with the pure e-ph 
interaction, i.e., with the electron scattering on longitudinal 
phonons. In fact, such a dependence can originate due to the 
crossover from the T2-dependence at qTℓ >>1 to the T4-
Fig. 3. Ge-ph in several 25-40 nm thin large volume Ti films on sapphire and 
SixNy (squares) and on naturally oxidized Si (circles) [75]. 
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PARAMETER OF LOW-TC MATERIALS FOR HEBS 
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Ti 359 SixNy/Si 310 950 3 3.1×105 [57] 
Ti 351 SixNy/Si 310 13300 2 8.2×105 [76] 
Ti 430 Sapphire or  SixNy   
310 varies 3.4 4.0×104 [75, 77] 
Ti/Au 96.4 SixNy/Si - 1500 3 5.4×106 [76] 
Ti/Pd 105 SixNy/Si - 8.4 3 2.1×105 [60] 
W 80 Si 136 0.94 3 1.8×105 [55] 
W 95 Si 136 1200 3 1.9×104 [54] 
Hf 300 Sapphire 160 1.0×105 4 2.4×104 [77] 
Ir 114 Si 380 12 - 5.0×104 [59] 
TiNx 51 Si - 2.4 2.7 6.3×104 [78] 
TiNx 52 Si - 1.2 3 1.0×105 [78] 
n is the exponent in the temperature dependence τe-ph(T) ~ T-n 
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6 
dependence at qTℓ << 1 in the electron relaxation due to 
scattering on transverse phonons [84]. Ge-ph(T) on sapphire or 
SixNy (see Fig. 3) is an example of such a crossover. 
Many experiments with thin films of metallic alloys 
demonstrated the opposite tendency: the e-ph relaxation rate 
increases due to disorder, and n = 2. This obvious 
contradiction with the Pippard model has been explained in 
[79, 80]. The destructive interference that leads to the 
Pippard’s condition takes place if all electron scatterers vibrate 
as host atoms. If vibrations of electron scatterers and host 
atoms are uncorrelated, the interference results in the 
enhancement of the e-ph interaction: 
 1
! e!ph
=1.6 "b 3"
2#tT 2
(pF!)(pFut )
   (7) 
where a coefficient b (bmax = 0.25) describes the difference in 
vibration of the electron scatterers and host atoms and a 
coefficient 1.6 is due the averaging over the electron 
ensemble. Disorder-enhanced e-ph interaction has been 
observed in a number of alloys (see [86] for a review) and 
disordered films (e.g., Nb [87]). In the light of [79, 80], the 
behavior of Ge-ph on a SiOx/Si substrate (see Fig. 3) may be 
explained by a combination of the effect given by Eqs. 6 and 
7, where the T2-term should be associated with the inelastic 
electron-boundary scattering at the Ti-substrate interface. 
While the interference theory [79, 80] provides a qualitative 
understanding of the effect of the substrate on e-ph relaxation, 
further research is necessary to reach quantitative agreement 
[86].  
The agreement of Ge-ph/V in real nano-HEBs on SiOx/Si 
substrates [71, 85] with the data of Fig. 3 is good; typically 
Ge-ph/V = 104-105 W/(K m3) has been observed at 100 mK. 
From the practical prospective, sapphire or SixNy substrates 
are preferred since they provide much smaller Ge-ph for the 
same temperature. W and Hf have a significantly lower 
Sommerfeld constant γ than other material; this is 
advantageous for achieving a small dΕ in single photon 
detection. The final choice is a subject of the availability of a 
reliable technology for fabrication of thin films with desired 
TC and resistivity. 
IV. POWER DETECTION MODE 
A. Signal bandwidth and electrical noise 
Recent work [85, 88] addressed the electrical noise in nano-
HEBs. The usual understanding of the noise in a bolometer is 
that it consists of two nearly independent components: the 
TEF noise and the Johnson noise. The full expressions for 
them can be found in [89, 90]. The TEF noise is large at the 
bias points where the bolometer approaches the run-away 
condition: the point where a dissipation of the Joule power PJ 
cannot be removed by the thermal conductance mechanism. 
This is usually quantified by the dimensionless ETF loop 
parameter L = dPJ/dPG (in the case of HEB, PG is the cooling 
power; due to the e-ph interaction in this case) which can be 
expressed through the parameters of the bias point [89]: 
 L = dV dI ! R( ) dV dI + R( )  (8) 
If the bias circuit provides constant voltage then the current-
voltage (IV) characteristic is N-shaped and stable (see Fig. 4; 
here the large bias range where the device resistance 
approaches RN is not shown). From Eq. 8, L > 1 if dV/dI < 0, 
and L < 1 is dV/dI > 0, and L =1 when dV/dI = ∞. If the circuit 
provides constant current (positive ETF for a TES) then the IV 
curve may became unstable when L approaches unity. Beyond 
that point the bolometer switches into the normal state 
irreversibly. Positive ETF is always present to some degree in 
heterodyne mixer HEBs where the GHz range IF amplifier 
introduces a large load impedance of 50 Ω. This mode is never 
used in the low temperature HEBs. The availability of 
SQUIDs with sufficiently large signal bandwidth and zero 
input impedance at low frequencies make the nearly ideal 
voltage bias (negative ETF) always possible.  
The ETF affects the bolometer speed so that the actual 
thermal relaxation occurs with the time constant τ* which is 
different from τe-ph [89]: 
  !*= ! e!ph
dV dI + R
2R
R+ RL
dV dI + RL
 (9) 
Here RL is the total resistance of the bias resistor, of the 
residual resistance in the device, and of the wiring resistance 
included in series with the TES. For better stability, the goal is 
to keep RL as low as possible.  
Figure 4 illustrates the dependence of τ* on the feedback 
conditions when RL still must be taken into account. In this 
experiment [85], RL = 1.8 Ω is used which is comparable with 
the device resistance R in some bias points. Compared to τe-ph 
≈ 4 µs, τ* increases at low biases and decreases at higher 
biases where the negative ETF becomes stronger (L >>1). A 
saturation is observed at τ* ≈ 3 µs because of the SQUID 
bandwidth limit. An inset in Fig. 4 shows what would happen 
if RL were smaller than 1.8 Ω. In this case, the transition from 
the positive ETF (τ*/τe-ph > 1) to the negative ETF (τ*/τe-ph 
< 1) could occur at smaller bias voltages, that is, mostly a 
Fig. 4. IV characteristic and time constant for a 6µm × 0.4 µm × 40 
nm Ti HEB device on SiOx/Si substrate at 315 mK [85]. The inset 
shows the ETF effect on the time constant computed for different 
load resistors. The dashed line in the inset is a borderline between 
positive (above) and negative (below) ETF regimes 
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negative ETF would take place everywhere.  
This complex behavior for τ* reflects in the output noise 
spectrum as well. The TEF noise roll-off with frequency is at 
the same cut-off point (2πτ*)-1 as the bolometer responsivity. 
The Johnson noise by itself is white but the presence of the 
strong ETF introduces some correlation between the two 
mechanisms. As a result, the Johnson noise is suppressed 
wherever L >>1 (that is, within the bandwidth Δf = (2πτ*)-1). 
It plays little role for the nano-HEBs as the typical SQUID 
amplifier noise ~ 1 pA/Hz1/2 is usually higher.  
The magnitude of the TEF noise iTEF is described by the 
expression iTEF = NEPTEF !SI , where 
  SI =
!I
Prad
=
1
2IRL
dV dI( ) R"1
dV dI( ) RL +1
1
1+ 2! f" *( )2
 (10) 
is the detector current responsivity to the incident radiation 
power Prad [89]. In the strong negative ETF limit, L >> 1, Eq. 
10 simplifies and SI ≈ -1/V. iTEF(f) rolls off with frequency 
until it crosses the white part of the noise spectrum (the 
SQUID noise, that is) (see Fig. 5). The difference between the 
TEF noise and the typical SQUID noise (iSQUID ~ 1 pA/Hz1/2) 
can be more than tenfold. This results in a large noise 
bandwidth of the detector within which the NEP is nearly 
constant: 
 !fn = !f iTEF2 + iSQUID2( ) iSQUID2  (11) 
Figure 5 shows an example of the noise spectra measured in 
different bias points at 150 mK. Here τ* ∼ 100 µs so the 70 
kHz readout bandwidth was sufficient to trace to crossover 
between the ETF noise and the SQUID noise. Trace (a) 
corresponds to positive ETF, so τ*/τ >> 1 and the ETF noise 
cut-off occurs at ~ 300 Hz. Trace (b) corresponds to the 
situation when ETF does not affect τ* so the cut-off of the 
TEF noise spectrum corresponds to (2πτe-ph)-1. In both cases 
the electrical NEPel defined as  
 NEPel f( ) = iTEF2 f( )+ iSQUID2 SI f( ) , (12) 
remains constant up to ~ 10 kHz where iSQUID  begins to 
dominate. 
NEPel usually agrees fairly well with NEPTEF. Figure 6 
shows a summary of the NEPTEF as function of temperature 
along with the physical time constant measured using a short 
pulse from a 3-THz quantum cascade laser (QCL) and a very 
small bias current. Between 150 mK and 300 mK, τe-ph(T) ~ 
T-4 which agrees with the theory [91] prediction. The 
temperature dependence weakens below 100 mK, and 
correlates with the weakening of the temperature dependence 
of Ge-ph on SiOx/Si (see Fig.3). Nevertheless, the very low 
NEPTEF = 1.5×10-20 W/Hz1/2 has been determined at 50 mK. 
The corresponding Ge-ph = 1.6 fW/K, so spurious power as low 
as 0.01 fW would have a noticeable effect on the electron 
temperature. 
B. Optical NEP 
Optical NEP measurements of THz cryogenic direct 
detectors are absolutely critical but they are not very common. 
If the sensitivity is very high then it becomes very difficult to 
precisely attenuate the calibration signal generated at room 
temperature without affecting the detector by the high 
radiation background. The calibration signal carries its own 
photon noise (see Eq. 2) so its power should be constrained to 
not only avoid the detector saturation but also to make sure 
that the photon noise does not exceed the detector noise. For a 
detector with ultralow NEP = 10-20-10-19 W/Hz1/2, the 1-THz 
signal with Prad = 0.1-10 aW will already induce significant 
photon noise. Producing this attowatt level of power is 
unprecedented and there is no proven recipe on how to build a 
stable calibration source for this.  
Besides our work [73, 74], we are aware of only two reports 
[92, 93] describing the technique for calibration ultrasensitive 
detectors with NEP ≤ 10-18 W/Hz1/2. All three works use a 
cryogenic black body radiator with a band defining filter and 
some procedure for figuring out the amount of Prad impinging 
on  the detector. 
In [73, 74], a single mode detector (see Fig.7) was used. 
The NEP determination procedure consisted of the 
measurements of bias current I as function of the black body 
temperature TBB varied in small 0.25 K steps and of the output 
system noise in. The HEB was integrated into a 500-800 GHz 
twin-slot antenna, which is a well known design fabricated 
using optical lithography. An elliptical Si lens makes the main 
lobe of the antenna diffraction limited, so only a single 
radiation mode couples to the HEB device. This makes the 
calculation of the Prad rather straightforward:  
Fig. 5. Output noise spectra and electrical NEPel for a 6 µm × 0.4 µm 
× 40 nm HEB device at 150 mK [85]. Spectral curves denoted as (a) 
and (b) correspond to different bias points: a) positive ETF b) no 
ETF. 
Fig. 6. Physical time constant τe-ph and NEPTEF as function of 
temperature for a 6 µm × 0.4 µm × 40 nm HEB device [85]. 
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 Prad =
Tr !( )h!d!
exp(h! kBTBB )!10
"
# . (13) 
Here Tr(ν) is the transmittance of the band limiting filter 
placed at the mK stage. Since TBB = 1.5-5 K the radiation 
power follows the Wien’s law and the filter must have a very 
sharp lower frequency edge in order to eliminate any error due 
to the uncontrolled out of band leakage of the radiation. Free-
standing metal mesh filters were used in [73] and a Frequency 
Selective Surface (FSS) filter [94] was used in [74]. 
From the initial part of the I(Prad) dependence, the detector 
responsivity SI was calculated (see Fig. 8). Then the small 
signal optical NEP was found as NEP = in(Prad=0)/SI. One can 
see that saturation of ΔI vs Prad naturally occurs much sooner 
at 50 mK than at 355 mK. The output noise also behaves 
differently. Whereas in at 355 mK monotonically decreases 
with Prad, it exhibits a peak at 50 mK at Prad ≈ 10 fW. We 
speculate that the origin of this peak may be in the detection of 
the fluctuation of power in the impinging radiation. This 
photon shot noise NEPph increases with the radiation power. 
When the detector becomes sensitive enough to detect this 
fluctuation (NEP ~ NEPphot.) the output noise-like signal 
increases as square root of Prad. Eventually, the output 
saturates, SI drops, and the output noise decreases. This effect 
could not be seen at 355 mK since a much greater Prad ~ 100 
fW would be needed to make NEPphot. large enough to be 
detected. But at such high power the detector is already 
saturated. 
In this experiment NEP = 3×10-19 W/Hz1/2 was measured as 
the optical NEP, which is one of the best numbers found in the 
literature to date. The quantum efficiency (optical coupling) 
η = 70-80 % was determined from both the ratio of NEPTEF 
and optical NEP [74] and from the shift of the current-voltage 
characteristics under optical pumping [73]. Additional 
improvements are possible by implementing an anti-reflection 
(AR) coating on the Si lens and by fixing the design of the 
overlap areas between NbTiN and Ti (see Fig. 7, more details 
in [73, 74]). In the future, more optical measurements are 
planned with the described devices especially at higher 
frequencies (several THz) for which spiral antenna coupled Ti 
HEBs are already available [73]. 
V.  PROSPECTS FOR SINGLE-PHOTON DETECTION – MID-IR AND 
FAR-IR 
A. Minimum detectable energy and energy resolution in HEB 
The potential of the HEB for detection of single THz 
photons can be illustrated using the data of Fig. 6. Indeed, the 
energy resolution of a bolometer can be roughly estimated as  
 !E ! NEPTEF " e"ph .  (14) 
This is similar to Eq. 5. Figure 9 expresses the data of Fig. 6 in 
terms of δΕ. One can see that δΕ/h ~ 1 THz might be possible 
even for this relatively large HEB device at low operating 
temperature ~ 50 mK. More detailed analysis of [95] based on 
the strong ETF limit model [69] gives:  
 !Erms ! 0.3 kBTC
2Ce  , (15) 
For the smallest devices of [71], this would result in δΕrms/h = 
50×T3/2 MHz/mK3/2. If good TES devices of these small sizes 
were realized one would expect to achieve the desired NEP ~ 
10-20 W/Hz1/2 using photon counting and, possibly, even at 300 
mK [95].  
 Photon counting at THz is needed as the way to achieve 
better sensitivity for detection of small photon fluxes and/or to 
relax the ultra low operating temperature requirements. At 
higher frequencies (mid-IR), however, the HEBs can enable 
Fig. 8. Experimental data used for determination of optical NEP in a 1 µm 
× 1 µm × 20 nm HEB device.  
Fig. 7. Top: SEM image of the feeding point of the antenna with a 
2µm×1µm Ti HEB device in the center of the coplanar waveguide structure 
of the planar antenna. Bottom left: a twin-slot antenna chip (4mm × 4mm) 
with the 500-800 GHz bandwidth. Bottom right: positioning of the chip on a 
12-mm elliptical lens.  
Ti	  
NbTiN	  
Au	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real quantum calorimetry providing useful energy resolution 
hν/δΕ ~ 10-100. This may be an interesting opportunity for 
future searches for spectral signatures of Earth-like exoplanets 
using nulling interferometry in the mid-IR (e.g., TPF-I mission 
concept [96]). When the starlight is suppressed, a distant (~ 10 
pc) planet would emit less than a photon per second in the 6-
18 µm wavelength range corresponding to important life-
tracing molecules [97]. The relatively large speed of the nano-
HEB (~ 100 kHz, see discussion of the calorimeter bandwidth 
in Section VII)) would provide sufficient dynamic range for 
such observations using photon counting. 
B. Experiments with “fauxtons” 
Detection of single THz photons with HEBs has not been 
possible so far. However, recent work [98] simulated detection 
of THz photons using short microwave pulses (20 GHz) of 
equivalent energy (faux photons, or fauxtons). This test 
method allows for full control of the input amplitude 
(equivalent to the ‘fauxton’ energy), as well as precise 
calibration of the coupling efficiency. It also avoids several 
issues associated with real optical experiments, including 
absorption of photons outside the active detector element and 
the loss of energy by the electron system before reaching a 
thermal distribution. The fauxton technique thus provides a 
lower bound on the achievable energy resolution in a real 
optical experiment.  
The device studied had Ti dimensions of 4 µm × 0.35 µm × 
70 nm and TC = 0.3 K. The detector response was measured 
for 103 single-shot pulses for fauxton equivalent frequencies 
of Εfauxton/h = 50 THz and 25 THz, as well as with no fauxtons. 
Figure 10 shows histograms of the number of detected pulses 
and their heights, for each fauxton frequency. Fitting these 
histograms to a Gaussian distribution, we found a total energy 
resolution δEFWHM/h = 2.36×δΕ = 49±1 THz. Subtracting the 
amplifier contribution, an intrinsic detector energy resolution 
of approximately δEFWHM = 23 THz was found. This is close to 
the value predicted, 20 THz, due to ETF noise [98].  
C. Detection of single 8-µm photons 
The first detection of real 8-µm single-photons using a 6 
µm × 0.4 µm × 20 nm HEB at 50-200 mK was reported in 
[85]. This was done using a pulsed QCL, which generated 
short (> 100 ns) optical pulses. Both the detector and the laser 
were inside a 4-K cryogenic shield in order to avoid any 
photons arriving from the warm surfaces. The detector was 
additionally shielded by a millikelvin enclosure. The lightpipe 
guiding the radiation included some absorbers and filters in 
order to adjust the pulse energy so the average number of 
detected photons per pulse was always less than 1. The device 
did not have any antenna or other means to couple to the 
radiation efficiently so the optical coupling was very poor.  
Figure 11 shows the photon count statistics at 100 mK. The 
dark counts follow the Gaussian distribution and it has been 
verified that this is determined by an integral of detector noise 
over its spectral span. The photon number peaks follow the 
Poisson distribution f(n, µ) ~ µne-µ/k!, where k is the number of 
simultaneously detected photons, µ = 0.33 is the average 
number of photons per pulse. The energy interval between 
photon number peaks is hν and the output is fairly linear so 
the energy resolution of the detector was found to be 
hν/δΕFWHM = 1.4, that is δΕFWHM/h = 27 THz. This resolution 
remained unchanged from 50 mK to 150 mK and then 
degrades above ~ 200 mK, completely disappearing near TC.  
In the fauxton experiments, a similar δΕFWHM was found at 
300 mK with a similar volume device. Since δΕFWHM should 
scale with temperature as T3/2 (see Eq. 5), one can say that the 
Fig. 11. Count statistics of 8-µm single photons using a 6 µm × 0.4 µm × 20 
nm HEB device at 100 mK (104 events). The amplitudes of photon number 
peaks follow the Poisson distribution with µ = 0.33. 
Fig. 10. Histograms of single-shot device response to 50 THz fauxtons, 25 
THz fauxtons, and no fauxtons. Response with no fauxtons is measured with 
the device optimally biased for detection, and also with the device biased 
above the critical current IC to determine the amplifier contribution to the 
measured energy resolution. 
Fig. 9. Physical time constant τe-ph and δΕ as function of temperature re-
plotted from Fig. 6 
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energy resolution was noticeably worse with real 8-µm 
photons. There are several possible causes leading to 
degradation of δΕFWHM. One of the causes is apparent from 
Fig. 11 where the center of the peak corresponding to 0 photon 
number shifts up with laser power. It means that there are 
some low-energy excitations (either out-of-band photons 
emitted by the laser, or secondary photons downconverted in 
the substrate or electrodes, or non-thermal phonons or 
electrons generated outside the device) contributing to the 
count statistics [99]. This might also possibly lead to the 
widening of the photon number peaks. The magnetic field 
used in this experiment could be another factor degrading the 
energy resolution by means of widening the superconducting 
transition and thus nulling the effect of the negative ETF on 
δΕ [69]. 
VI. STATUS OF THE FIELD OF THE SENSITIVE THZ DETECTORS  
Beside the HEB, several other ultrasensitive detector 
concepts have been proposed and pursued in the recent decade 
with the goal to achieve the NEP ~ 10-19-10-20 W/Hz1/2 or 
single THz photon sensitivity. The motivation has been high 
but so has been the challenge. To date, the practically 
achieved NEP in space instruments (e.g., HFI bolometers on 
ESA’s Planck Surveyor mission) is of the order of 10-17 
W/Hz1/2 [10]. A two order of magnitude improvement can not 
be expected to be obtained easily and requires serious study of 
the unrealized potential of traditional far-IR detectors 
(bolometers) and the emerging detector approaches.  
Significant progress has been made in improving the 
sensitivity of SixNy membrane supported bolometers. The 
main direction here is to make the suspending leg long and 
thin in order to reduce the thermal conductance. The recent 
advance in this technology toward higher sensitivity was a 
demonstration of a low thermal conductance (G = 8 fW/K at 
60 mK) in a bolometer suspended on ~ 8 mm long SixNy 
beams [100]. The NEPTEF limit derived from measuring G is 
5×10-20 W/Hz1/2. However, successful operation of an array of 
fully–functioning, optically coupled, SQUID-multiplexed 
detectors, with uniform electrical and noise characteristics, 
and meeting all the specifications including ultra–low NEP, 
remains to be demonstrated. 
A similar development of a low-G TES for SPICA/SAFARI 
[92, 101] has resulted recently in the demonstration of an 
optical NEP below 10-18 W/Hz1/2 [102, 103] The progress has 
been good and this development effort continues towards 
meeting the SAFARI’s sensitivity goals. 
A superconducting kinetic inductance detector (KID) [82, 
104, 105], where the high sensitivity is the result of a very low 
number of quasiparticles Nqp (=low generation-recombination 
noise), potentially can be very sensitive too. Its fundamental 
noise limit set by the quasiparticle generation-recombination 
noise is given by NEPGR = 2! Nqp / ! qp  [104] (τqp is the 
quasiparticle life time, Δ is the energy gap in the detector 
material). From the physics perspective, this is a similar limit 
to that set by the TEF noise in bolometers except here the 
average energy of quasiparticles is Δ, not kBT, and Δ >> kBT. 
In principle, NEP ~ l0-20 W/Hz1/2 might be possible in an 
extreme situation when Nqp ~ 100 and τqp ~ 10 ms. So far, KID 
detectors have been developed to the degree of the array 
demonstration on a ground based telescope [106] with the 
optical NEP ≈ 10-15 W/Hz1/2. In lab experiments, a much better 
electrical NEP ≈ 4×10-19 W/Hz1/2 [107] has been derived from 
the noise measurement. A recent measurement of Nqp ≈ 3×104 
and τqp ≈ 2×10-3 in an Al KID sample [108] also suggests a 
similar NEPGR = 2×10-19 W/Hz1/2 below 180 mK. 
The THz superconducting tunnel junction (STJ) concept 
[109, 110] is based on a superconducting absorber integrated 
with an STJ and a sensitive RF single-electron transistor, 
which detects the quasiparticles generated by THz photons in 
the superconductor. It has not been brought to a practical 
demonstration yet.  
Anther concept using detection of small number of 
quasiparticles through the change of the charging energy of a 
small superconducting island has been proposed in [111]. It 
has demonstrated recently an electrical NEP = 3×10-18 W/Hz1/2 
[112].  
An interesting demonstration of the single THz photon 
sensitive detector has been made in [113, 114] (see [115] and 
references therein for an overview). The sensors were the 
quantum-dot structures with the single-electron transistor 
(SET) read-out. In [113], the absorption of a photon by the 
quantum dot initiates an electron transition across the 
magnetic-field-induced energy gap. This transition removes 
the Coulomb blockade for the other electron states that results 
in an electron current of 106-1012 electrons flowing through 
the quantum dot. At T = 50 mK, an effective NEP ~ 10-22 
W/Hz1/2 was estimated from the dark count rate. 
Unfortunately, this sensor requires a very strong magnetic 
fields, ~ 4 T, and, therefore, that makes its use in space 
challenging. The same research group realized a double dot 
submillimeter detector without a magnetic field [114]. 
However, in that structure the electronic noise increases 
significantly, and the minimum achieved NEP was of the 
order of 10-17 W/Hz1/2 at 70 mK. The work in this direction 
continues [116]. A particular interesting practical outcome has 
been the THz imaging of very cold samples using this photon 
counting device [117]. Relatively low radiation coupling 
efficiency (~ few percent) in this promising detector is one of 
the factors which needs improvement. 
Finally, a very recent development [93] concerns a 
Pb1-xSnxTe(In) based photoconductive detector operating at 1.5 
K. Preliminary measurements indicated the NEP as low as 
6×10-20 W/Hz1/2 at λ = 350 µm. Given the very early 
development phase of this detector, none of the issues related 
to detector array fabrication, detector radiation coupling, and 
readout have been addressed yet. 
VII. ISSUES AND FUTURE DIRECTIONS 
There are several current issues, which may lead to an 
immediate improvement of the nano-HEB detector 
characteristics. The most important is to achieve controllable 
tuning of the device critical temperature to a desired low 
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value. This problem is common for all TESes; it becomes very 
difficult when it comes to large TES arrays where all the 
pixels must be tuned to more or less the same TC value. A 
recognized approach for TES thermometers is to use S-N 
bilayers, but as we mentioned above, this is not a good 
approach for far-IR HEBs where the absorber is integrated 
with a thermometer into one element. The unfortunate 
circumstance here is that elementary superconductors (e.g, Hf, 
Ir, W), which have sufficiently low TC in bulk tend to increase 
it when prepared as thin films. Ti tends to decrease TC when 
the film is made thinner but at some point it loses 
superconductivity abruptly. 
Two possible solutions are seen at the moment. One of 
them is to use films of TiNx [107] in which TC can be tuned in 
a very broad range (<50 mK to 5 K) by the composition of Ti 
and N2. The films with TC ≈ 50 mK [78] are sufficiently 
resistive for the impedance match to antennas and have low 
Ge-ph similar to other elementary superconductors (see Table 
I). Another approach is implantation of 55Mn+ ions into 
finished devices or into bare Ti films. This has been 
demonstrated to be a reasonably well controlled process [118]. 
A similar techniques has been also used successfully for 
tuning TC in W using 56Fe+ ions [119]. One more option is to 
synthesize some binary alloys (like, e.g. AlMn [120]). 
The low TC issue is the only real challenge at the moment to 
achieve the fully functioning nano-HEB detector with NEP < 
10-19 W/Hz1/2 suitable for large far-IR arrays. Multiplexed 
readout was not discussed in this review but a feasible 
approach using microwave multiplexed SQUIDs is compatible 
with nano-HEBs [121] which gives no added noise and a large 
signal bandwidth ~ few 100s kHz.  
Getting good energy resolution is another challenge. The 
fauxton data show that the devices by themselves have 
δΕ close to the theoretical prediction. Realization of this 
energy resolution at THz requires good quality (large IC) 
submicron (small) devices (~ 1 µm × 0.3 µm in-plane size at 
least), which have not been available yet. The micron-size 
devices, which are of good quality already, would be useful 
for mid-IR calorimetry providing the effect of the interaction 
of radiation directly with the substrate is reduced. Highly 
efficient spiral antennas are available up to 5-6 THz [122, 
123]. Also, mid-IR (λ ~ 10 µm) antennas have been developed 
with some success over the past two decades [124-126]. The 
antenna issue is important since it actually hampers the 
improvement of the energy resolution in optical TES HEB. 
Antennas in the NIR are not yet well developed [125].  
In the far-IR, the best way to optimize the calorimeter is to 
adjust its size (electron heat capacity) so the temperature rise 
caused by a photon drives the device electron temperature 
through its entire dynamic range that is the superconducting 
transition width δTC. Using Eq. 15 and also assuming T = 50 
mK, δTC = 10 mK, energy resolution hν/δEFWHM ~ 100 can be 
expected for an HEB device made from a 20-nm thick Ti film 
(see Fig. 12). The corresponding optimal device in-plane size 
is 2.5 µm × 2.5 µm even at λ = 10 µm, that is still smaller than 
the wavelength. The resolution increases at shorter wavelength 
as λ-1/2 but at some wavelength (around 10 µm) one needs to 
switch to the absorber coupling since the present broadband 
antennas become too lossy. The absorber area A then needs to 
be significantly greater than the wavelength (we assumed A = 
25λ2) and the energy resolution thus degrades. It improves 
again in the visible (as λ-2) due to the smaller TES area one 
can use for visible photons, but the “antenna gap” in the mid-
IR is a serious issue.  
Another aspect in which the nano-HEB calorimeter differs 
from, e.g., the X-ray detector is the required response time.  In 
the far-IR, the desired maximum count rate is much larger 
than the expected photon background, which is ≈ 100-1000 s-1 
(see Fig. 1), so that spectral lines that have much larger count 
rates can be recorded. Optimum energy resolution, or lower 
NEP, is achieved by cold operation, at e.g., 50 mK.  
Unfortunately, at this temperature the thermal response time 
with only phonon cooling may be too long (~ ms) even with 
the benefit of electrothermal feedback. We here outline a 
method to achieve the desired large count rates at 50 mK.  We 
consider an additional cooling ‘path’, emission of thermal 
photons [127]. These photons are familiar as the Johnson 
noise of a resistor and can carry energy away from the hot 
electrons with Te > T. Since kBT/h ≈ 1 GHz, the cooling power 
within the entire spectrum due to this mechanism is 
PG ! kBT( )
2 h . The corresponding electron-photon thermal 
conductance Ge!g = dPG dT =2kB2T h  ≈ 30 fW/K. This 
compares to the e-ph thermal conductance of the smallest 
HEB [71] Ge-ph = 0.1-1 fW/K, and thus photon cooling gives a 
speedup factor up to two orders of magnitude compared to 
phonon cooling alone. This concept can indeed be 
instrumented, with careful rf design. Using photon cooling 
will bring the nano-HEB signal bandwidth to ~ 100 kHz at 50 
mK. This is very similar to what the current phonon-cooled 
devices have at ~ 300 mK. Such a bandwidth is common in 
SQUID amplifiers and has been demonstrated also in the 
microwave SQUID readout [121].  
VIII. CONCLUSIONS 
In conclusion, the hot-electron nanobolometers have 
reached some maturity, which allow them to be considered as 
the detectors of choice for the most sensitive applications in 
the far-IR (e.g., moderate resolution spectroscopy in space). 
Fig. 12. Expected energy resolution from the visible to the far-IR based on 
the available approaches to electromagnetic coupling. For antenna-coupled 
HEBs the temperature increase due to the absorbed photon was assumed to 
be equal to the superconducting transition width. For optical HEBs the 
absorber’s area was assumed to be 5-times of the wavelength. 
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This field is narrowly defined but the scientific pay-off and the 
interest are great. There are two missions in development 
requiring high-sensitivity detectors (SPICA and Millimetron) 
and the nano-HEB is already meeting the NEP requirements 
for one of the instruments planned (SAFARI). In the longer 
run, nano-HEBs can enable single-photon detection and 
calorimetry in the mid-IR and far-IR spectral ranges, which 
are unprecedented applications. Whereas the far-IR 
applications are mostly limited to astrophysics, the mid-IR 
calorimetry may be interesting for single-molecule 
spectroscopy and free space quantum communication [128].  
Beside the advance in fabrication techniques and material 
synthesis required for nano-HEBs, any breakthrough in optical 
antennas or in any other methods allowing for efficient 
coupling of optical radiation to a subwavelength detector 
would have an immediate impact on the application of HEBs 
at the short-wavelength mid-IR or NIR ranges. Since the 
radiation background at λ < 2 µm is very low, many 
interesting application ideas may emerge if a practical nano-
HEB calorimeter becomes available. 
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